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Abstract. Efficient and accurate geometric and material nonlinear analysis of the structures under 
ultimate loads is a backbone to the success of integrated analysis and design, performance-based 
design approach and progressive collapse analysis. This paper presents the advanced computational 
technique of a higher-order element formulation with the refined plastic hinge approach which can 
evaluate the concrete and steel-concrete structure prone to the nonlinear material effects (i.e. gradual 
yielding, full plasticity, strain-hardening effect when subjected to the interaction between axial and 
bending actions, and load redistribution) as well as the nonlinear geometric effects (i.e. second-order 
P- effect and P- effect, its associate strength and stiffness degradation). Further, this paper also 
presents the cross-section analysis useful to formulate the refined plastic hinge approach. 
1 INTRODUCTION 
Type of the hybrid structure includes reinforced concrete structure and steel-concrete 
structure, which comprise more than one different structural materials. Since they exhibit 
different material characteristics, the algorithm of computational technique is not straight-
forward. Further, these structures are also vulnerable to the geometric nonlinear effects. The 
development of the capable computational technique to tackle these complicated behaviour 
becomes a challenging and interesting research topic. 
Scholars studied the composite behaviour on the basis of the numerical approach. For 
example, there are huge amount of numerical approach [1][2][3], which specifically focus on 
the partial shear connection on the composite beam at pre-yield stage commonly. They 
tackled this nonlinear behaviour of slip at the interface comprehensively. However, this slip is 
not sensitive to the global behaviour of a composite structure. From the practical viewpoint, 
the partial shear connection at the interface of a composite beam can be modelled by the 
effective flexural stiffness approach [4], which can adequately capture the larger bending 
deflection at pre-yield range due to the partial shear connection of a composite beam. This 
approach attracts a number of researchers [5][6], who presented the nonlinear analysis of a 
composite beam.  
The partial shear interaction seems to be less severe and not critical to the composite 
beam-column member that can be normally ignored. However, the composite beam-column 
member is vulnerable to the interaction between axial and bending action which is essential to 
measure the material yielding of the beam-column member. Therefore, many researchers 
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[6][8] developed the cross-section analysis to determine the ultimate capacity of the non-
uniform and arbitrary concrete section or steel-concrete composite section, and also relied on 
the plastic zone method to implement the material effect into the structural system analysis. 
Unfortunately, the well-known setback of the plastic zone method is the inefficient 
convergence. In conjunction of the plastic zone approach, a number of researchers [9][10][11] 
carried out the intensive numerical studies of the composite beam-column. Unfortunately, 
their numerical approaches cannot simultaneously show the all-range modelling capacity of 
all aforementioned effects and efficient solutions for the extensive practical applications. 
The counterpart of the plastic zone method is the plastic hinge approach, which 
simulates the overall material behaviour of the element section at the hinge (i.e. at element 
node), and hence the lump-sum material condition in terms of the load-deformation 
relationship characterises those of the element section, of which this process is equivalent to 
the stress numerical integration with respect to stress-strain relationship according to the 
plastic zone method. The plastic hinge approach always ensures the reliable numerical 
convergence thanks to the load-deformation relationship being consistent and compatible with 
the stiffness method as well as eliminating the time-demanding numerical integration process. 
Therefore, the cross-section analysis [6][12] is indispensable to evaluate the lump-sum 
material condition of the non-uniform and arbitrary element section. And, on the basis of this, 
a few scholars [13][14][15] presented the numerical nonlinear analysis of a whole composite 
structure. 
In order to strengthen the modelling capacity, promise the efficient solution as well as 
facilitate the effectiveness in computer modelling, this study presents a second-order inelastic 
numerical analysis of an entire composite structure in context of the higher-order element 
with the refined plastic hinge. In regard to the nonlinear material effects, the inelastic analysis 
comprises the cross-section analysis (for the non-uniform and arbitrary composite section 
under the interaction between axial load and bending) and plastic hinge approach (for gradual 
yielding, full plasticity and strain-hardening effect). In regard to the geometric nonlinearities, 
the second-order analysis is based on the higher-order element formulation with element load 
effects(for the P- and P- effect, large deformation behaviour, snap-through buckling, pre- 
and post-buckling), which can provide the accurate first- and second-order element 
displacement and force solutions with element load effects and use the least elements for a 
whole structure. To verify its extended modelling capacity and efficiency [13], a few 
examples are demonstrated herein; for instance, a few composite sections are tests for the 
capacity of cross-section analysis; a few composite columns; a simple composite portal frame; 
a large-scale high-rise composite building. 
2 HIGHER-ORDER DISPLACEMENT-BASED ELEMENT WITH ELEMENT 
LOAD EFFECT 
The deformations comprise the deformations u in the x direction, v in the y direction, w in 
the z direction and the twist  about the x-axis. Based on the co-rotational coordinate system, 
the dependent variables of transverse deflections v and w are replaced by nodal rotations as z 
and y, about z- and y-axis, respectively, such as u = {u, y, z, }T. These rotations are the 
dependent variables in turn which define the transverse deflections in the element stiffness 
formulation. These deformations u can be updated through the co-rotational approach so as to 
measure the latest change of geometry of a structural. 
The higher-order transverse displacement interpolation function of an element not only 
fulfils the essential boundary condition (compatibility condition) in Eqs. (2) & (3), but also 
natural boundary condition (force equilibrium equation) in Eqs. (7) & (8), as originally 
proposed by Chan and Zhou [16][17]. The equivalent mid-span moment M0 and shear force S0 
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are respectively introduced into Eqs. (4) & (5), which enable to measure additional deflection 
due to element load effect [18]. Further, the elastic material law follows in the higher-order 
element function. 
   p
i
i
i xcxv              (1) 
in which ic  is unknown coefficient solved from boundary conditions given from Eqs. (2) to 
(8); p is polynomial of order up to 5 in this sense. In the transverse deflection v in the y 
direction, 
0v    and    1zx
v 
    at  = 0        (2) 
0v    and    2zx
v 
    at  = 1,        (3) 
while the equilibrium equation of bending and shear force given by 
  0212
2
1 MMMPv
x
vEI zzz 
        (4) 
0
21
3
3
S
L
MM
x
vP
x
vEI zzz 

         (5) 
where 
L
x .                      (6) 
0
12
2
2
2
MMMPv
x
vEI zzz 
      at  = ½      (7) 
0
21
3
3
S
L
MM
x
vP
x
vEI zzz 

    at  = ½    (8) 
and leads to the deformation 
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or  0202211 SLNMLNLNLNv smzz               (10) 
in which 
EI
PLq
2
 .                    (11) 
The transverse deflection w in the z direction is in a similar fashion. N1, N2, Nm and Ns 
are displacement functions with respect to rotations at first and second node, and element load 
contributed from moment and shear force components, respectively; the equivalent mid-span 
moment 0M  and shear force 0S  are given under the different sorts of element load, which 
accounts for the element load effect at the element level and comprehensively discussed in 
[18]; q is axial load parameter, in which positive sign means in tension, and vice versa. 
3 CROSS-SECTION ANALYSIS FOR NON-UNIFORM AND ARBITRARY 
REINFORCED CONCRETE SECTION 
In order to formulate the spring stiffness in context of the plastic hinge approach, the 
yield function of the element section is required to identify its material condition in the load-
deformation relationship. Unfortunately, while the non-uniform and arbitrary reinforced 
concrete section under the interaction between the axial load and bending actions, the material 
effect of the non-uniform and arbitrary element section is complicated and in the myriad 
forms that cannot easily described by a single set of yield function. Therefore, a cross-section 
analysis is proposed in this study to regulate the material condition across the element section 
under interaction effect by using a unique set of yield profile functions. 
The procedures of the cross-section analysis [6] for evaluating section capacity of non-
uniform and arbitrary element section at zero axial load, which is summarised as below; 
1) An element section can be divided into up to 5 segments (increased if needed) with a 
constant height. It means each segment is defined by the straight top and bottom lines 
parallel to a corresponding bending axis; 
2) The width of the segment can be constant or the straight lines that can be defined by a 
linear equation (i.e. trapezoidal shape is allowed technically); 
3) Each segment contains up to 3 different materials (increased if needed), including 
steel, concrete and confinement concrete; 
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4) Steel reinforcement is derived discretely in the element section, as long as the steel 
reinforcement lies within the element section; 
5) Each segment is divided into the number of layers A which depends on the level of 
accuracy. The strip of layer A is parallel to the corresponding axis, which can 
represent the depth of neutral axis of the section; 
6) For the particular section, such as circular section, the whole is divided into the fine 
layers A. 
7) Searching a layer across the section, at which satisfies 0 dA  and 0 dAEy , 
whose depth stands for the elastic neutral axis yc for moment inertia I and plastic 
neutral axis yp for plastic section modulus S, respectively, in which the tension zone in 
the section is neglected [19][20][21]. 
 
 
 
 
 
 
 
 
Figure. 1: Material laws and stress-strain distribution of reinforced concrete section 
To extend to any axial load level, in the aspect of the compatibility condition, the 
algorithm of the proposed cross-section analysis is to scrutinise the layer A (i.e. the depth of 
neutral axis yp) at which the condition of   cPdA  at the specific axial load level Pc is 
satisfied. When the depth of neutral axis yp is assumed at each layer A, and then the failure 
surface is given by that layer yp and the compressive strain cu at the outermost compressive 
fibre of reinforced concrete section as graphically shown in Fig. 1. Eventually, the failure 
strain distribution profile is obtained and written as Eq. (12), 
 cyy                  (12) 
which is also known as the failure compatibility condition, in which the curvature  is 
obtained from the failure surface cu and depth of neutral axis yp. It is interesting to note that 
since the ductility of concrete far less compared to those of the steel material (i.e. cu (0.003) 
<< su (0.02)), the failure surface of reinforced concrete section is always dictated by the 
compression in concrete, except for the extreme case of very high-strength steel reinforcement 
whose ductility is very low. 
In the aspect of the force equilibrium, when the strain of the steel fibre exceeds yield 
strain s According to the linear compatibility condition of Eq. (12), the yield stress fy is 
attained at that fibre. Otherwise, the elastic steel fibre can complies with the elasticity Hooke 
law, such as fs=Es, when the material law of concrete and steel reinforcement are simplified 
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as the bi-linear relation as also shown in Fig. 1. However, the concrete fibre does not always 
follow the compatibility condition strictly as same as steel reinforcement, whose capacity is 
derived as the fcu times a portion  of the depth of plastic neutral axis yp as illustrated in Fig. 
1. It is because the compressive strength fc in concrete near the plastic neutral axis yp cannot 
fully develop to attain the full compressive stress fcu. Hence that portion can be ignored for 
simplicity as shown in Fig. 1. The factor of  is normally taken as 0.8 in this study.  
Therefore, once the failure compatibility condition according to a particular yp is 
defined, moment capacity Mc and axial capacity Pc of every infinitesimal layer A can be 
obtained. And the overall moment capacity Mc and axial capacity Pc of the section can be 
given by, 
 dAyyM cc   
           
 (13) 
dAPc  
            
  (14)
 
The above process from Eq. (12) to (14) is repeated for every layer A (i.e. yp) in the 
element section, which implies every possible plastic neutral axis yp is accounted for, until the 
axial force equilibrium is sought, for instance the Eq. (14) is satisfied at the pre-specified axial 
load level Pc or its difference is less than the axial load of a strip of layer (i.e. Pc≤A). Once 
the specific axial force equilibrium as Eq. (14) is sought, the moment capacity Mc with respect 
to that yp is determined by Eq. (13).  
This procedure is further repeated for other axial load level Pc until the whole 
interaction capacity profile of the element section completes. However, this procedure is valid 
when the neutral axis lies within the element section. It heralds that the above procedure is 
only applicable between the decompression and pure bending as shown in Fig. 2. Because of 
this, the interaction capacity profile between decompression and pure axial compression as 
well as between pure bending and axial tension is assumed linear without loss of accuracy. 
The number of specific axial load level between the decompression and pure bending can 
define the fineness of the interaction capacity profile. In this proposed cross-section analysis, 
3 specific axial load levels are required to construct the capacity profile between 
decompression and pure bending piecewise, which is derived by a fraction (i.e. ¼; ½; ¾) of 
the axial capacity at decompression Pc. Hence, there are total 7 ordinates (i.e. Mc & Pc) in the 
interaction capacity profile as symbolically shown in Fig. 2, at which A, B, C and D stand for 
pure bending, balanced point, decompression and pure compression, respectively. 
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Figure 2: Interaction profile of the reinforced concrete section with special loading states 
Unlike the others [11][12], they can generate the comprehensive interaction capacity 
profile but computational demanding. On the other hand, the benign feature of the proposed 
cross-section analysis is to locate a set of discrete critical loading states (i.e. Mc & Pc) in 
advent of the numerical procedures. These discrete points are linked up by a set of the linear 
equations to form a continuous capacity profile of a non-uniform and arbitrary reinforced 
concrete section as shown by the dash lines in Fig. 2. This feature can therefore allow a few 
discrete points for simulating the whole interaction capacity profile of the element section 
without demanding computational storage, and this cross-section analysis is no longer 
implemented in the course of the nonlinear solution procedures and thereby without 
demanding computational operation. For the domain of the biaxial bending, this cross-section 
analysis relies on the well-developed interaction capacity curve from design codes 
[19][20][21] as written in Eq. (15), 
1





 nn
cy
y
cx
x
M
M
M
M

      (15) 
in which Mcx and Mcy are moment capacity at the particular axial load level Pc, which can be 
derived from Eq. (13) for the respective axis; n is the parameter to control the shape of 
biaxial interaction capacity profile, whose value is 1 ≤ n ≤ 2. When n is equal to 1, it means 
linear biaxial bending relation, which is very conservative, whereas n is 2 for circular biaxial 
bending relation, which is very economical but sometimes unsafe. Therefore, the three-
dimensional interaction capacity profile is constructed as illustrated in Fig. 3. 
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a) Concrete section with high steel to concrete ratio 
 
 
 
 
 
 
 
 
 
 
 
 
b) Concrete section with low steel to concrete ratio 
Figure 3: Three-Dimensional interaction profile of concrete section 
It is noteworthy to remark that the interaction capacity profile of the reinforced 
concrete section normally characterises with the strength enhancement in moment capacity at 
balanced point B compared to the pure bending state as indicated by A in Fig. 2, because the 
compression in concrete can contribute to the massive moment capacity enhancement by 
lowering the plastic neutral axis yp from those at pure bending state, which also implies 
increase in lever arm. On contrary, the steel section cannot provide such large moment 
capacity enhancement, when the steel section is always inconsiderable.  
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In summary, the principle of this cross-section analysis is as below; 
1) Strain distribution across the element section is linear defined by the failure surface 
(i.e. cu) and the trial neutral axis (i.e. yp) at each iteration. It means plane remains 
plane after deformation; 
2) And because of this, this approach of the cross-section analysis is only valid when the 
neutral axis lies within the section, which further restricts the interaction effect 
between the decompression and pure bending state only; 
3) The strain distribution of the fibre of each component, including concrete, steel section 
and reinforced steel, determines its material condition according to the bi-linear 
material constitutive laws as illustrated in Fig. 1; 
4) The tensile strength of concrete is negligible in the evaluation of section capacity; 
5) Compressive stress of the concrete is equal to the normal stress  due to flexure; 
6) The capacities of the steel section and reinforced steel bars follow strain distribution 
s, whose capacity is either elastic, such as Ess or fully yielded fs / fry; 
7) The compressive capacity of the concrete is defined by the portion above neutral axis 
such as x as indicated in Fig.1, in which  is a factor taken as 0.8 herein; 
8) Searching a layer A across the element section, at which satisfies 0 dAEy  (for 
entire section - Ig; ignoring tension zone - Icr) and 0 dA  (for ignoring tension 
zone - Sz or Sy). And further moment capacity is derived by dAyM c    at the 
specific axial load level when dAPc    satisfies; 
9) Shear and torsional interaction and time-dependent effects, such as shrinkage and 
creep, are not accounted for in the concrete constitutive model. 
4 REFINED PLASTIC HINGE METHOD FOR A CONCRETE ELEMENT AT 
POST-YIELD STAGE 
Post-yield behaviour is essential to the performance-based design approach, while the 
true performance of a structure is of much concern with at the extreme load level. Iu and Chan 
[22] developed the nonlinear fire analysis of the steel frames, in which the strain-hardening 
effect in terms of engineering plasticity was first introduced in the plastic hinge approach. 
Further, Iu et al. [13] presented the refined plastic hinge approach, which includes the 
inelastic effects under both axial and bending actions simultaneously. This capacity enables 
the beam-column element to capture the interaction effect for the inelastic buckling, being 
consistent with the present cross-section analysis. In contrast, the conventional plastic hinge 
approach can only replicate the inelastic material effect due to bending effect. 
In regard to the concrete structures, after the concrete section is loaded beyond the 
failure surface or its ultimate interaction capacity profile, the strain-hardening effect can be 
resulted in the reinforced concrete member. This is a common phenomenon of the under-
reinforced concrete section. The incremental refined plastic hinge stiffness [13] at post-yield 
stage is written as Eq. (16),   
  


 
 

1
1
f
f
i
f
L
EIS ,      (16) 
C.K. Iu 
 10
in which the incremental spring stiffness ∆S is such that  > ∆S > 0, in which infinity and 
zero mean elastic and fully yielded, respectively;  is strain-hardening parameters; i(f) and 
f(f) are initial yield and full yield function, respectively, in which f is load vector or element 
loading state. The full yield profile f(f) is founded a sets of discrete points with respect to 
each axis generated from the cross-section analysis in Section 4, whereas the initial yield 
function i(f) is given as, 
 
cy
y
cx
x
y
i M
M
M
M
P
P f       (17) 
in which Mcx and Mcy are the moment capacity about major and minor axis, respectively, 
which can be either plastic moment capacity Mp (i.e. Zpfcu) or elastic moment capacity Me 
(i.e. Zefcu); And Py is the axial load capacity. The higher-order element with the refined 
plastic hinge stiffness formulation are comprehensively discussed in [23][24]. Under a 
particular circumstance that the axial load is trivial and an element bends about its principal 
axis (i.e. the bending dominant element), the incremental spring stiffness in Eq. (16) in the 
regime of the gradual yielding can be reduced to, 






e
p
MM
MM
L
EIS        (18) 
which is similar to the spring stiffness used in [6][15][13]. It remarks that the flexural 
stiffness is constant throughout the system analysis instead of the different flexural stiffness 
according to the latest load level being adopted [6]. In summary, the incremental spring 
stiffness of Eq. (16) and Eq. (18) are for the concrete beam-column and concrete beam 
element, respectively. 
5 NUMERICAL EXAMPLES 
In this Section, the cross-section analysis is first verified by a few steel-concrete 
composite and reinforced concrete sections under interaction between axial compression and 
bending actions. At last, the capacity and adequacy of the second-order inelastic analysis of 
the composite and concrete structure are examined through a few examples.  
5.1. Failure profile of concrete encased steel section with high- and low-steel ratio 
This example studies the material yielding profile of the concrete-encased-steel-
section columns with the high steel ratio C16-2 and low steel ratio C4-2 that were also studied 
by Iu et al. [13], when subjected to the interaction between axial compression and bending. 
The sections, properties and layouts of these columns are given in Fig. 4. Two loading cases 
are present, including the uniaxial bending about major axis and biaxial bending actions, and 
the failure profile from the present method are compared with those from different design 
codes, including AISC [25], ACI [26] and Eurocode 2 [20]. Hence, apart from verifying the 
section capacity of biaxial bending, this example can also study the interaction failure profile 
with different steel and concrete proportion in the composite section. 
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Figure 4: Layout of the concrete encased steel section with high- and low-steel ratio 
In regard to the uniaxial bending case, Figures 5 and 6 respectively show that the 
present method can well evaluate the failure profile of concrete encased steel section with 
high and low steel ratio, when especially compared with the ultimate yielding profile from 
other design codes [20][25][26], and also very economical when compared to those from [13]. 
It is interesting to remark that the enhancement in moment capacity is apparent for the 
concrete encased steel section with low steel ratio (i.e. C16-2), because the concrete 
component in the composite section can significantly contribute to the increase in moment 
capacity by increasing the compressive zone of concrete from pure bending case as illustrated 
in Fig. 2, when the concrete component is massive in the composite section. 
In regard to the biaxial bending case, Figures 7 and 8 plot the interaction failure profile 
of the concrete encased steel section with high and low steel ratio, respectively. The present 
method can adequately predict the interaction curve of the section with high steel ratio (i.e. 
C16-2) but conservative, whereas the interaction profile of the section with low steel ratio (i.e. 
C4-2) is too economical. All in all, they are reasonable to the design purpose, which means 
the Eq. (15) is justified, since it can well measure the interaction profile under biaxial bending 
case. The three-dimensional interaction profile of both C16-2 and C4-2 concrete encased steel 
section is respectively illustrated in Fig. 3(a) and (b). 
In summary, the present method of the cross-section analysis is very economical in 
both regimes of bending about principal axis and biaxial bending when compared to the 
approach of Iu et al. [13], which only rely on the interaction function interpolated from both 
extreme loading cases, such as the pure compression and pure bending. In particular, the 
moment capacity enhancement can be captured under both uniaxial and biaxial bending cases 
by the present method. Therefore, the present method of the cross-section analysis is accurate 
and adequate to replicate the interaction failure profile of the arbitrary composite section 
under general loading cases. 
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Figure 5: C16-2 (high-steel ratio) concrete encased steel section under uniaxial bending 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: C4-2 (low-steel ratio) concrete encased steel section under uniaxial bending 
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Figure 7: C16-2 (high-steel ratio) concrete encased steel section under biaxial bending 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: C4-2 (low-steel ratio) concrete encased steel section under biaxial bending 
 
5.2 Ultimate capacity of a reinforced concrete section subjected to interaction between 
axial load and bending 
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This example aims at verifying the proposed cross-section analysis in Section 3. 
Hence the ultimate section capacity of a rectangular reinforced concrete section subjected to 
the interaction of axial compression and bending is studied. This section was presented by Liu 
et al. [12]. The layout of the section and its properties are given in Fig. 9, whose dimensions 
are in mm. It should be noted that the material factor to account for the simplified rectangular 
concrete stress block should be included into the value of the concrete compressive stress fcu, 
when the principle of numerical design approach is to discard the empirical factor if possible. 
For example, the material factor used in fcu in AS3600 [19] is generally lower than those in 
Eurocode 2 [20], because [19] it allows for not only the ideal stress block, but also the 
spalling effect. In this sense, this study adopted the material factor [20], which ignores the 
local effects in the global member level, and thereby it is clear how the corresponding 
behaviour can be captured by the corresponding component of the numerical analysis. 
Figure 9 demonstrates that the interaction capacity curves about both major and minor 
axes from the present cross-section analysis are very consistent with the others, including 
Eurocode 2 [20] and Liu et al. [12] at the specific loading points. For efficient purpose, this 
approach discretises the continuous interaction curves at the specific loading points and 
linking up by the black solid lines as shown in Fig. 9. It can be seen that, in the major bending 
direction, the enhancement in moment capacity is greater than those in minor axis, when the 
large lever arm from the plastic centroid yp to the concrete compression is accommodated. 
This kind of phenomenon is easily found in the concrete section with low steel to concrete 
ratio as illustrated in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Ultimate section capacity of rectangular reinforced concrete section 
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5.3 A Cantilever concrete column encountering the stiffness degradation due to P- 
effect 
A cantilever reinforced concrete column (Foure’s column) was tested by Espion [27] 
as one of the benchmark examples to verify the accuracy of nonlinear analysis of the 
reinforced concrete structures. Hence many researchers, including Bratina et al. [28] and Liu 
et al. [15], conducted this example for their numerical verification. The geometry, section and 
material properties of the Foure’s column are given in Fig. 10. This column is subjected to an 
axial compression load P and eccentric moment 0.015P. Thus the Foure’s column is critical to 
the P- effect and its interaction between bending and axial compression. In this study, the 
elastic-plastic hinge model is based on in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Lateral tip displacement vs axial compressive load of the Foure’s RC column 
The lateral tip displacement v against the axial compression P is also given in Fig. 10. 
In the onset of elastic range, there is an offset after 100kN at which the column begins 
cracking. For the sake of the subtle balance between accuracy and efficiency, Bratina et al. 
[28] and the present method resorted to the effective flexural rigidity approach between Icr 
and Ig to average the nonlinear load-deflection curve due to cracking effect at pre-yield stage, 
whereas Liu et al. [15] adopted the effective flexural rigidity at the latest load level. Hence, 
the load-deflection curve from [15] can exhibit more nonlinear relative to the present method 
and [28]. 
Concrete: Ec = 3.36107kN/m2; fcu = 3.83104kN/m2; cu = 0.0035 
Steel: Es = 2108kN/m2; fy = 4.65105kN/m2 
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Despite this slight discrepancy at the whole elastic regime, the present method can 
offer the consistent load-deflection behaviour with the other approaches [28][15] as shown in 
Fig. 10 as well as the accurate ultimate load 441kN when compared to experimental and 
numerical results 454kN [27] and 447kN [28], respectively. After the ultimate load, the 
present method can predict that the stiffness and strength of the Foure’s column deteriorates 
due to the P- effect, when the lateral displacement increases in Fig. 10 with the loading state 
of the section declining in Fig. 8, until a plastic hinge is formed at its base is formed. In Fig. 
11, the initial yielding i is given as Eq. (17) and full yielding due to interaction effect is 
obtained from the present cross-section analysis, which are respectively indicated by dotted 
and solid lines in Fig. 11.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Interaction capacity curve of the Foure’s RC column 
 
 
6 DISCUSSIONS AND REMARKS 
In summary, the present nonlinear analysis by the higher-order element with the 
refined plastic hinges can evaluate the behaviour of a reinforced concrete and steel-concrete 
composite structure at pre-yield and post-yield stages very consistently, which comprises the 
linear cracking behaviour, gradual yielding, strain-hardening effect contributed from the 
reinforcement, loading redistribution, second-order P- effect, strength and stiffness 
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deterioration due to P- effect. Therefore, this nonlinear analysis with the refined plastic 
hinge can be regarded as the integrated analysis and design of an entire concrete and 
composite structure in the accurate and efficient manner.  
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